We report on a shell-shaped carbon nanoparticle (SCNP)-based gas sensor that reversibly detects reducing gas molecules such as CO and H 2 at room temperature both in air and inert atmosphere. Crystalline SCNPs were synthesized by laser-assisted reactions in pure acetylene gas flow, chemically treated to obtain well-dispersed SCNPs and then patterned on a substrate by the ion-induced focusing method. Our chemically functionalized SCNP-based gas sensor works for low concentrations of CO and H 2 at room temperature even without Pd or Pt catalysts commonly used for splitting H 2 molecules into reactive H atoms, while metal oxide gas sensors and bare carbon-nanotube-based gas sensors for sensing CO and H 2 molecules can operate only at elevated temperatures. A pristine SCNP-based gas sensor was also examined to prove the role of functional groups formed on the surface of functionalized SCNPs. A pristine SCNP gas sensor showed no response to reducing gases at room temperature but a significant response at elevated temperature, indicating a different sensing mechanism from a chemically functionalized SCNP sensor.
Introduction
Carbon nanomaterials such as carbon nanotubes (CNTs) [1] , carbon nanohorns [2] and graphene [3] have been good candidates for chemical sensors. Among them, CNT-based sensors have been actively studied by many researchers. CNT-based sensors have been used for the detection of various reducing and oxidizing gases such as H 2 [4] [5] [6] [7] [8] [9] [10] , CO [4, 7, [11] [12] [13] [14] [15] , NO 2 [4, 7, [14] [15] [16] [17] , NH 3 [7, 10, 17, 18] and alcohol [19] [20] [21] .
Several studies demonstrated that bare CNT-based sensors without the aid of a catalyst are sensitive to NO 2 and NH 3 [15] [16] [17] [18] at room temperature but insensitive to CO and H 2 [6, 8, 9] . Instead, they could operate for CO and H 2 gases only at elevated temperatures [6, 9] . Yet, room temperature sensing is desirable because of lowering the consumption of electric power and simplifying the structure of a sensor device. To lower the working temperature down to room temperature, catalysts are usually introduced to obtain a reaction with target molecules such as CO and H 2 , resulting in a remarkable change of sensor conductivity.
When noble metal catalysts such as Pd or Pt functionalize the surface of CNTs, the CNTs could sense the CO and H 2 at room temperature. A Pd-functionalized p-type single-walled carbon nanotube (SWCNT) gave an increase in resistance when exposed to H 2 by splitting H 2 molecules into reactive H atoms [8] . Its resistance could be recovered due to oxygen reaction with H atoms in the presence of oxygen in air though the resistance could not be recovered in an inert gas (Ar) atmosphere [8] . Chemically treated and Pt-functionalized multi-walled carbon nanotubes also showed a good H 2 sensing response at room temperature based on the same splitting mechanism [10] . Hybrid materials of CNT/SnO 2 were shown to have a good sensing performance for detection of reducing gases including H 2 at room temperature [4] . Yet, it is worth mentioning that the mechanism of CO and H 2 sensing by CNT/SnO 2 at room temperature [4] was not fully understood. The mechanism given in [12] for the explanation of sensing CO at elevated temperatures could not be applied for the CNT/SnO 2 sensor operating at room temperature [4] . 0957-4484/11/485501+07$33.00 To the best of our knowledge, there has been no success with CO and H 2 sensing at room temperature without using any catalysts or hybrids. Here, we report on a crystalline shell-shaped carbon nanoparticle (SCNP)-based gas sensor detecting CO and H 2 at room temperature. The SCNPs were functionalized by acid treatment which was critical in showing the gas sensing property. Our SCNP sensor can recover even in an inert atmosphere, which suggests a different mechanism responsible for sensing H 2 molecules at room temperature from the mechanism applied for conventional catalyst-based gas sensors.
Experimental details
We utilized the SCNPs synthesized through continuous wave CO 2 laser irradiation on pure acetylene flow [22, 23] . Pure acetylene was fed into the burner and an acetylene flame was formed by ignition. An infrared CO 2 laser (Bystronic, BTL2800) irradiated the acetylene flame and nitrogen gas was used as a shield gas to block the reaction from the ambient air. After laser irradiation, crystalline carbon nanoparticles could be produced without any catalysts. Carbon soot particles from acetylene flame were prepared as well. The generated carbon particles were collected by a filtering system which was connected to a vacuum pump. The filter was placed above the burner to collect the generated particles directly from the particle stream. We patterned SCNPs by the ion-induced focusing method [24] [25] [26] [27] into sensor devices. The ion-induced focusing approach [24] [25] [26] [27] needs a well-dispersed charged aerosol form of SCNPs. To obtain a well-dispersed solution of hydrophobic SCNPs, chemical treatment with nitric and sulfuric acid at 110
• C was conducted [23, 28] . Acid treatment can make the surface of SCNPs hydrophilic by attaching functional groups such as carboxylic and hydroxyl groups; it can separate SCNPs and thus maintain the SCNPs to be well dispersed in the solvent. Au (electrode, 50 nm)/Ti (adhesion layer, 10 nm) was formed on the SiO 2 (thermal oxidation, 200 nm)/Si wafer by photolithography. The width of the electrode was 10 µm and the distance between electrodes was also 10 µm. Then, SCNPs were patterned on the substrates by the ion-induced focusing method and a nanoparticle focusing mask [26] . Acetylene soot particles were also treated with the same step of acid treatment as SCNPs. For comparison purposes, treated soot particles and pristine SCNPs without acid treatment were dispersed in the solvent and a thin film on the substrate was formed by drop casting. The fabricated device was put into the electric furnace and then heat-treated at 300
• C for 2 h to enhance the contact between particles. Gas sensing performance was measured by monitoring the change of resistance of the SCNP pattern when exposed to a neutral gas (e.g. synthetic air or N 2 ) and to an analyte gas in turn. The resistance was measured and recorded by a multimeter (HP 34401A) connected to a PC. 
Results and discussion
Transmission electron microscopy (TEM) images of carbon nanoparticles used in our experiment are shown in figures 1 and 2. Pristine SCNPs in figure 1(a) are highly aggregated in large clusters like aggregate particles commonly formed in flames. Acid-treated SCNPs shown in figure 1(b) are relatively separated in comparison to pristine SCNPs. It is seen from figure 1(c) of the high resolution TEM image of acid-treated SCNPs that they have broken outer shells which make the outer layers indistinguishable from the carbon soot nanoparticles shown in figure 2 . Similarly to SCNPs, pristine soot particles from the acetylene flame are also highly aggregated in large clusters in figure 2(a) but acid-treated soot particles shown in figure 2(b) are relatively separated in comparison with pristine soot particles. The high resolution TEM images of pristine soot particles and acid-treated soot particles are shown in figures 2(c) and (d). Figure 3 shows scanning electron microscope (SEM) images of line-patterned SCNPs by a focusing mask [26] . As can be seen in the inset of figure 3(a) , the width of patterned SCNPs is ten times narrower than the opening width of the 50 µm focusing mask due to the ion-induced electrostatic lens effect [24] . The height of patterned SCNPs is in the range of 3-10 µm, depending on deposition time. As the thickness of the patterned NPs becomes bigger, the conductivity also becomes bigger due to the increase of the width of the conducting channel. Figure 3(b) is the high magnification SEM image of figure 3(a) demonstrating the porous structure of aggregated SCNPs with 5 µm width. Note that the conductivity occurs through the contacts between nanoparticles. Therefore, the characteristics of the outer layers fully determine the overall conductivity. Here lies the crucial difference between long CNTs and our separated SCNPs. The former provides conductivity channels, mostly through their extended bodies which fundamentally provides a different mechanism of gas sensing from SCNPs.
Sensor behavior of SCNPs for CO and H 2 at room temperature is shown in figure 4 . The resistance of the SCNP pattern is of the order of tens of kilo-ohm. The sensor response is defined as
where Rg is the resistance during exposure to the analyte and R 0 is the resistance during exposure to the neutral gas. When the SCNP sensor is exposed to reducing gas at room temperature, the resistance steeply increases, similarly to a CNT sensor at elevated temperatures [9] . Note that there is a study showing a different mechanism of sensing CO at room temperature in [29] : nitric-acid-oxidized and thus OH-and COOH-functionalized SWCNT sensor was demonstrated to be sensitive to CO at room temperature but to have a different behavior-the resistance decreased similarly to NO 2 while exposing to CO. Figure 5 shows the sensing performance of acid-treated soot particle sensor for CO and H 2 at room temperature. It is important to emphasize that the acid-treated carbon soot nanoparticles demonstrated the sensing performance to CO and H 2 indistinguishable from acid-treated SCNPs, which indicates that the oxidized outer layer material similar to graphene oxide (GO) would be responsible for sensing [30] .
The acid treatment disrupts the continuous carbon shells and produces oxidized graphene platelets together with a curved moiety which cover the surface of SCNPs. Indeed, the Raman-shift spectra taken at 514 nm in figure 6 display the characteristic 1620 cm −1 band pertinent to exfoliation of graphenes. Figure 7 illustrates the Fourier transform infrared (FTIR) data of four different types of SCNPs. Acid treatment produces oxygen-modified carbon particles by introducing a number of functional groups like OH (phenol) and C=O (carbonyl) on the surface. FTIR results elucidate that, after acid treatment, heat treatment at 300
• C under atmospheric air or N 2 does not expel the functional groups from the surface of particles.
We also tested pristine SCNP sensors (figure 8) to check the effect of functional groups and of the nanoparticle separation. Highly agglomerated pristine SCNPs are close to CNTs in their properties. They also show negligible response to CO and H 2 at room temperature in figures 8(b) and (d) Figure 5 . Sensing performance of acid-treated soot particle sensor at room temperature. The response to hydrogen in (b) was obtained in nitrogen atmosphere to check the recovery mechanism.
but they show an obvious response at high temperature in figures 8(a) and (c) similar to SWCNTs [9] .
In contrast, acid-treated SCNPs demonstrate high sensitivity at room temperature and low sensitivity at elevated temperatures ( figure 9 ). This fact confirms that the sensing mechanism in acid-treated separated SCNPs is different from the one in pristine CNT-or pristine SCNP-based gas sensors and makes it possible to engineer the sensor to work at different temperatures by adjusting the level of surface oxidation. Meanwhile, all the sensors show a similar sensor response time of about 20 s for CO and H 2 gases. It may indicate that the response time is mostly controlled by the particle size of the structure which was the same for all the samples. Figure 10 shows the sensitivity of the gas sensor for the variation of CO gas concentration. 1, 10 and 100 ppm of CO gas concentration are depicted in the graph. Even without any conventional catalysts, 1 ppm of CO gas could be detected at room temperature.
Comparing figures 4(a) and (b), one may notice that the concentration dependence of H 2 sensitivity is much less pronounced than for CO sensitivity. That may indicate that H 2 molecules are split on the surface of SCNPs because in that case the sensor response depends on the square root of analyte gas pressure p 1/2 instead of being proportional to p [31] . The splitting of H 2 molecules may happen on numerous graphene platelet edges as suggested in [32] . Additional dissociative adsorption may occur on the extremely curved parts of the outer shells of acid-treated SCNPs similar to the predicted H 2 dissociation on the small diameter of SWCNTs [33] . Here we suggest that the mechanism of the most efficient dissociation could be the one which utilizes both graphene edges and their functionalization with oxygen groups. Indeed, the hydrogen molecule may dissociate on the edges of the oxidized/functionalized graphene sheets (the OH and C=O edge groups may be relevant) on the following reversible scheme: first, OH + H 2 + M → H + H 2 O + M produces H atoms (M denotes the platelets). After dissociation, the migration of H atoms may resemble the spillover process when H atoms migrate over CO, only instead of Pd or Pt, now the acid-treated carbon platelet edges play their catalytic role in the dissociation [34] . Second, the reverse 'association' process happens when H 2 O + M → O + H 2 + M (see figure 4 in [35] ). Here the bound water molecule plays only the role of an intermediate and therefore the recovery process does not need ambient oxygen and can occur in an inert N 2 atmosphere as we observed (see figure 5(b) ).
Our technique can be simply modified to discriminate between the CO and H 2 . If a sensor is covered with a CO blocking material (see [36, 37] , where the difference was demonstrated for SnO 2 -based sensors coated with an SiO 2 molecular sieve) this sensor can detect H 2 selectively. In addition, there have been several reports that the diameter of nanoparticles could affect the sensitivity and the response time [38, 39] . Therefore, it is expected that the size control of carbon nanoparticles could lead to obtaining a higher sensor response and a shorter response time.
Conclusions
Crystalline SCNPs were synthesized by an aerosol route of laser-assisted reaction with pure acetylene gas flow without any catalysts. As-synthesized SCNPs were chemically treated and fabricated into a gas sensor by patterning through an ion-induced focusing method. We showed that, without any noble metal catalysts, hydrogen molecules can chemically and reversibly interact with acid-treated carbon nanoparticles including SCNPs and carbon soot at room temperature producing a chemiresistant response of the reduction gas, thus demonstrating the increase in resistance similar to CO. We confirmed that room temperature sensing of CO and H 2 molecules could be attributed to the functional groups such as OH (hydroxyl) and C=O (carbonyl) formed on the defective surface of carbon nanoparticles by comparing the sensing performance of pristine and functionalized carbon nanoparticles.
